Abstract: The high frequency impedance measured at the terminals of inverters connected in a microgrid by means of the injection of a small magnitude, high frequency voltage, has been shown to be a reliable metric to detect islanding. While the implementation of this method is simple when only an inverter injects the high frequency signal, this case is of limited applicability. On the other hand, several concerns arise when multiple inverters work in parallel, primarily due to risk interference among inverters. Islanding detection using high frequency signal injection in microgrids with multiple parallelconnected inverters is studied in this paper. A strategy for the coordinated operation of the inverters, without the need of communications or pre-established roles is proposed. Simulation and experimental results will be provided to demonstrate the viability of the concept.
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I.-Introduction
Microgrids are becoming a key concept for the integration of Distributed generation (DG) based on renewable and nonrenewable energy resources (photovoltaic, fuel cells, biomass, wind turbines, etc.), as well as Distributed storage (DS) systems. A feature of microgrids using DGS and DSs is that sources and loads can be distributed over a relatively large area. Because of the distributed nature, active elements of the microgrids should be controlled using local measurements, i.e. without dependence on communications systems [1] .
Islanding detection is of special importance for the microgrid concept [2, 3, 14] . Islanding is defined as the situation in which DGs continue generating power when the microgrid is not connected to the utility grid. The requirements for islanding detection are regulated by local, regional and national authorities, standardizing institutions as IEEE and IEC also publishing recommendations for interconnecting distributed resources with the electric power systems [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . As examples of these, the IEEE 1547 standard [4] , the IEEE 929 standard [7] , the UL 1741 standard [8] and the IEC standard [9] require islanding detection in less than 2 seconds after the islanding condition occurs. The German standard, DIN VDE 0126 [10] establishes that islanding detection methods should detect variations of the grid impedance of 1 Ohm in 2 seconds, 0.5 Ohm in 5 seconds being established by Austrian and Swiss standards [12, 13] .
Islanding detection methods can be classified into two groups: Remote and local (inverter resident) [2, 3, 14] .
Remote methods are based on communications between the grid and the DGs. They are highly flexible and with no risk of non-detection zone (NDZ). However, they are usually expensive due to the need of a communication infrastructure [14] , also the risk of communication breakdown exists.
Local methods are based on data at the DGS site, and are of two types: Passive and active. Passive methods measure a system parameter (under/over voltage, under/over frequency, etc), and compare it with a preset threshold. They are normally cheap to implement and grid friendly, as no additional signal is injected; however they present a large non-detection zone NDZ [14, 15] . Active methods produce some kind of disturbance at the DGS output, and measure the grid response [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These methods have a lower NDZ, but can negatively impact the power quality; also interference among power converters trying to detect islanding simultaneously can occur.
Three potential scenarios can be considered for the evaluation of islanding detection methods. [3] : 1) Single inverter, 2) Multi-inverter, when multiple parallel connected inverters interact at one PCC, and a major portion, or all the power produced by the DGSs is exported through the PCC, and 3) Microgrid, in which local loads can consume a significant amount, or all the power produced by the DGSs.
High frequency signal injection methods [17] [18] [19] [20] [21] [22] are a type of active local methods, in which a high frequency signal is injected via inverter, islanding being detected from the measured response.
The implementation of these methods is easy in case 1), when only a inverter injects the high frequency voltage, but is challenging in case 2), as interference among inverters can occur. However, the fact that the inverters operate at a frequency different from the grid frequency, makes them suitable for case 3), even in the event that the DGSs output power exactly matches the local loads and not power flows through the PCC. This paper analyzes islanding detection using high frequency signal injection in grids with multiple parallelconnected inverters. To prevent interference, all the inverters participating in the strategy inject a synchronized high frequency signal. In order to minimize the impact on the grid, the inverters can behave either as Voltage sources or as Current sources, having the ability to self-reconfigure their mode of operation, depending on the microgrid/grid condition, without the need of communications or preestablished master/slave roles.
II.-Islanding detection using high frequency voltage injection
Recently published works have shown that the high frequency impedance is a reliable metric to detect an islanding situation [17] [18] [19] [20] [21] [22] . Voltage-source inverters (VSI) present in a microgrid (e.g. in controlled rectifiers used in APFs, back-to-back power converters, …) can easily inject a low-magnitude, high-frequency voltage, from which the high frequency impedance is estimated. As an example, a rotating high frequency signal (1) can be injected, the induced high frequency current i Fhf being (2), Z hf (3) being the high frequency impedance at the excitation frequency, with its phase angle being ϕ z , where ω hf and V hf are the frequency and magnitude of the injected high frequency voltage. Fig. 1 shows the schematic implementation of the method. Fig. 2a and 2b show the magnitude and phase of the high frequency impedance Z hf , during a transition from island to grid, and from grid to island. The change in both metrics between islanding and grid condition are readily observable. Islanding detection is based on the rate of variation of Z hf with time, i.e. ΔZ hf /Δt. Comparison of Z hf with a threshold might also potentially be used [21] . Further discussion on other forms of high frequency excitation as well as on the implementation of this method can be found in [21, 22] .
III.-Islanding detection using high frequency voltage injection for the case of multiple inverters
While simple for the case of a single inverter, the extension of the method described in Section II to the case of multiple inverters is not trivial, strategies that have been proposes to address this case are discussed in this section. In the discussion following, master inverters refers to inverters which inject a high frequency signal to detect the microgrid condition (grid/island), while slave inverters refers to inverters without such capability, but which still need to know the grid condition for their proper operation. This means that master inverters are responsible of informing the slave inverters of the grid condition. For the evaluation of the strategies, the following issues need to be taken into account:
• All the inverters in the microgrid participating in the strategy should know the microgrid condition (island/grid connected) within a time frame compatible with islanding detection standards.
• The adverse impact on the microgrid/grid power quality (THD), due to the injection of high frequency signals, should be kept as small as possible, and below the limits established by the connection standards [4] [5] [6] [7] .
• Use of separate communication channels is not allowed.
• The injection of an additional high frequency signal for communication purposes is acceptable, as this does not have the problems/concerns intrinsic to communications, like cost and the risk of communication breakdown. Details on the use of the secondary high frequency signal can be found in [21, 22] . a) Static, single master inverter
In [21] , the use of a master inverter, responsible of injecting a high frequency rotating voltage vector (1), was proposed, the rest of inverters in the microgrid being configure to be slaves. Two high frequency signals were injected by the master inverter: the first one for islanding detection, as described in Section II; the second one to communicate the islanding condition to the rest of (slave) inverters present in the microgrid. While no interference between inverters can occur -only the master inverter injects high frequency signals-, this method has several limitations:
• Failure of the master inverter would leave the grid without the high frequency signal voltage, the rest of inverters in the grid hence losing their capability to detect islanding.
• In large microgrids, the location of the master inverter has to be carefully chosen. For inverters located far from the PCC, the variation of the high frequency impedance between grid and island condition might be small, reducing the reliability of the method. 
-Schematic representation of the master and slave inverters implementing the infinite impedance mode. Current regulators needed for the control of the fundamental current are not shown (see Fig. 1 for details).
• Inverters including high bandwidth current regulators, e.g. active filters, might see the high frequency signal as a disturbance and partially compensate for it. b) Dynamic (multiple) master inverter
In [22] , a dynamic master assignment strategy was proposed. The signal injection by the master inverter is as in the previous case, islanding being detected from the high frequency impedance, as described in Section II. To prevent the reaction of slave inverters against the high frequency current, slave inverters include a high frequency PI current regulator (see Fig. 3 ). By making its command equal to zero, it is guaranteed that no high frequency current circulates through the slave inverters output, this mode of operation being named infinite impedance mode. In this mode of operation, slave inverters detect islanding/grid connected condition from the changes in their high frequency current regulator output voltage v * hf_s . This also enables slave inverters detect failure of the master inverter; i.e. if v * hf_s = 0, means that there is no master inverter injecting the high frequency voltage. This master-slave strategy has several appealing properties.
• The high frequency voltage injected by the master inverter is not corrupted by the reaction of other inverters in the grid.
• Slave inverters automatically detect failure of the master inverter.
In [22] , a competitive strategy for the reassignment of the master inverter role in the event of master inverter failure was defined.
• The master-inverter reassignment strategy naturally allows multiple master inverters. Slave inverters being too far from the master inverter might be unable to detect master's high frequency signal voltage. This will automatically trigger a competitive process to become master. As a result, several master inverters, distributed all over the microgrid, can operate simultaneously. Regardless of its appealing characteristics, this strategy also has some limitations:
• The modes of operation of operation of master and slave inverters differ substantially (see Fig. 3 , [21, 22] ), the change between both modes being triggered by the presence/absence of the high frequency voltage in the microgrid. Though the filtering to detect the presence of the high frequency voltage is simple in principle [21] , this may be difficult in practice, as the signals can be corrupted by noise in the acquisition system, harmonics in the voltages due to non-linear loads, transients, etc. Spurious detection of the high frequency voltage might result in frequent, unwanted transitions between master/slave modes, of unpredictable results.
• For a given magnitude of the injected high frequency voltage at the filter output, the resulting high frequency component of the filter current i Fhf (4), will be function of the high frequency voltage v Fhf , the output filter impedance Z F , and the equivalent high frequency impedance Z hf , seen at the point of connection of the inverter to the microgrid.
While v Fhf , and Z F are known in advance, significant uncertainty exists regarding Z hf . For inverters close to the PCC in grid operation, this impedance can be very small, the circulating high frequency current i Fhf being therefore large, adversely impacting the power quality (THD).
To overcome aforementioned limitations, a strategy for the coordinated operation of multiple parallel connected inverters in a microgrid is proposed in the following section.
IV.-Islanding detection in microgrids with multiple inverters using combined current/voltage injection
Most of signal injection based, islanding detection methods proposed so far, inject a high frequency voltage, the island/grid condition being estimated either from the resulting high frequency current or from the high frequency impedance. However, it is also possible to inject a high frequency current, a high frequency current regulator being used for this purpose.
Current injection can be advantageous in certain cases. For inverters operating near the PCC during grid operation, the equivalent impedance will be small, what might result in a relatively large high frequency current if a constant voltage is injected. Using high frequency current injection automatically limits the resulting high frequency current. On the contrary, high frequency voltage injection would be advantageous during island operation or for inverters located far from the PCC, where injection of the rated high frequency current would require too much voltage. Combining high frequency voltage injection and high frequency current injection would therefore be beneficial for inverters experiencing large variations in the high frequency impedance seen at their terminals, as would be the case of inverters working near the PCC.
Islanding detection using combined voltage/current injection is analyzed in this section. In the proposed strategy, all the inverters synchronously inject a high frequency signal, dynamically readapting their mode of operation between voltage and current injection, depending on their location and on the grid condition. The model used for the analysis is first presented, combined voltage/current injection, synchronization of the high frequency signals, as well as the parallel operation of inverters, being analyzed in further subsections. 
a) Grid model
The microgrid model shown in Fig. 4 will be used for analysis and simulation purposes. It is observed that the microgrid has a radial configuration, with node k being the point of common coupling (PCC) [1] . The mathematical model of the grid is given by (5) , where Z Fk is the filter impedance between each inverter participating in the strategy (i.e. injecting a high frequency voltage/current) and the microgrid, Z Lk−1k is the line impedance between nodes k−1 and k, Z lk is the load impedance in node k, Z g is the grid impedance and v hfk is the high frequency voltage injected by the inverter at node k.
The model in Fig. 4 and (5) can be used to analyze the system response to the high frequency signals by just replacing the impedances and voltage sources by their corresponding high frequency values. It is noted that the grid voltage as well as the voltage for any generating unit or load not injecting the high frequency voltage/current, can be made equal to zero, as it does not contain a high frequency component. Therefore, the grid as well as passive loads or generators which do not inject a high frequency signal, are replaced by an equivalent impedance connected to ground. As consequence of this, even in the event that no net power flows through the PCC in grid operation (the microgrid voltage at the PCC in island condition exactly matches the grid voltage), the grid impedance Z g is connected to ground in the grid side, being therefore measurable (see fig. 4 ). It is also noted that the model presented in Fig. 4 assumes that there is a load connected at each node, which corresponds to the microgrid case discussed in Section I.
The model in Fig. 3and (5) can be easily adapted to the multi-inverter case discussed in section I, where most of all of the power is evacuated to the grid at the PCC (e.g. distributed photovoltaic generation systems [24] ), by making the load impedances equal to zero (Z lx =0). 
) Combined high frequency Voltage/Current signal injection
A means to combine current and voltage injection providing automatic, smooth transition between both modes of operation, is to add a saturation mechanism as a part of the high frequency current regulator [25] . This mechanism, named realizable references, is schematically shown in Fig. 5 . A PI current regulator implemented in a reference frame synchronous with the high frequency signal is used, the current command being î * Fhf (see Fig. 5 ). If the voltage v hf required to supply the commanded current is lower than the established voltage limit (limiter in Fig. 5 ), the current injection mode works normally. This will occur if Z hf is small. On the contrary, if the voltage v hf goes beyond the established voltage limit v hfmax , the voltage effectively injected is limited to this value. This will be the case when Z hf , is large. If this occurs, the current command is recalculated to make it consistent with the high frequency voltage commanded to the inverter v hfmax .
In each sampling period, the regulator equation is computed digitally in the regular way (6) to (8), (Euler's approach was used in (8)), assuming that the actual current command is realizable, i.e. will not saturate the output voltage.
If the obtained voltage does not need to be limited, no further action is required. On the contrary, if the output voltage has to be limited (9), a new, realizable reference, is computed by using the regulator equations backwards, (10) and (11) . The equations are written trying to clarify the technique rather than with an optimal implementation. 
After computing equations (10) and (11), the current error and the output voltage will be consistent. The realizable reference reflects therefore a current command consistent with the controller voltage limit. Because of its design basis, the realizable reference does not depend on any load parameter. Fig. 6 schematically shows the injected high frequency voltage at the inverter terminals (commanded), the high frequency voltage at the filter output, and the resulting high frequency current, as a function of the relationship between the filter impedance Z F and the equivalent high frequency impedance Z hf . When the impedance Z hf is large, the inverter output voltage is limited, i.e. operates as a Voltage source. As Z hf decreases (Z F /Z hf increases), once the high frequency current reaches its rated value, the inverter works in the current control mode, behaving therefore as a Current source.
For the implementation of the strategy, i hfmax is selected first. The relationship between i hfmax and v hfmax is set to be (12) , where Z F is the (known) filter impedance, and Ẑ hf is the preset value of the high frequency impedance at which the change between Voltage source and Current source occurs. For the simulation and experiments carried out in this paper, i hfmax was set to 1.5% of the rated current and Ẑ hf to 0.35·Z F , v hfmax for the limiter block in Fig. 5 being obtained from (12) . Fig. 7 shows the simulated response of the method. During island mode, the voltage is limited (Fig. 7a) , the high frequency current command being recalculated using (9)- (11) to be consistent with the voltage. During grid operation, due to the reduction of the impedance seen by the inverter, current injection works normally, the high frequency current command being equal to the nominal value i hfmax . It is remarked that the transition between Voltage and Current source modes occurs smoothly, no reconfiguration of the high frequency signal injection mechanism being needed (Fig. 7c) . Experimental results showing the operation of this method are provided in Section V.
c) Synchronization of the high frequency signal injection
If multiple inverters inject simultaneously, synchronization of the high frequency signal for each inverters is highly advisable, as this will reduce the differential high frequency voltage among inverters. Otherwise, the resulting differential high frequency voltage among inverters will result in large, time varying, high frequency currents, adversely affecting to the power quality (THD), also making more challenging the detection of grid/island condition. Phase-synchronization of the inverters can be done easily by selecting the high frequency voltage to be an integer multiple of the grid frequency. A cascade complex coefficient filter with complex PLL (CCCF-CPLL) [26] was used for this purpose (see Fig. 5 ).
d) Parallel operation of the inverters
Inverters using the combined Voltage source/Current source modes can be directly connected in parallel. The result is a microgrid in which all the inverters participating in the islanding detection strategy, inject the high frequency signal, each inverter automatically selecting the mode of operation, depending on the high frequency impedance Z hf present at its terminals. Fig. 8 show an example obtained using the model in Fig. 4, (5) , for the case of grid (left) and island operation (right). In the example shown in Fig. 8 , the microgrid consists of seven nodes, radially connected, the PCC being in node #1. Each inverter uses the configuration shown in Fig.  5 . The system parameters are the same as for the experimental results (see Table I ). The bars in Fig. 8a show the inverter Fig. 8a and 8b . It is noted that node #1 corresponds to the PCC, the load current in this node coinciding therefore with the high frequency current circulating into the grid. It is observed from Fig. 8 a-left and b-left that in gridconnected mode, inverters in nodes #1, #2, and #7 operate in the Current source mode. Due to their closeness to the PCC, the impedance seen by these inverters is small, their high frequency current being limited to i hfmax . On the contrary, nodes #3 to #6 operate in the Voltage source mode, as they are further from the PCC. It is remarked again that the transition between Voltage source and Current source occurs smoothly, no reconfiguration of the injection mechanism being needed.
e) Islanding detection and islanding notification
Islanding is detected from the measured high frequency impedance. Fig. 8c shows the high frequency impedance seen at the inverters terminal (13) and filters output (14) .
Since Z hf is the variable reflecting the changes between grid and islanding modes, (14) would be used in principle for islanding detection. However, using (13) has the advantage that the commanded high frequency voltage can be used, instead of the high frequency component of the measured line voltage needed in (14) , slightly simplifying the required signal processing. Still both options are expected to give similar results.
Some expected facts are observed in Fig. 8 . For the case of grid-connected operation, the high frequency impedances for each node (both Z hf and Z F + Z hf in Fig. 8c ) depend on the node location, relative to the PCC, the impedance for nodes closer to the PCC being significantly smaller. Comparing the nodes impedances for the case of grid (Fig. 8c-left) and island ( Fig. 8c-right) , the nodes closer to the PCC experience the largest variations of the high frequency impedance between grid and island connection.
Currently, islanding detection is based on the rate of variation of Z hf with time, i.e. ΔZ hf /Δt [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Comparison of Z hf with a threshold might also potentially be used [21] . Islanding detection for nodes closer to the PCC will be easier and more reliable. On the contrary, islanding detection might be difficult for nodes far from the PCC in large microgrids. Thus, inverters working in the Current source mode would be in principle better candidates to detect islanding than inverters working in the Voltage source mode.
A possible strategy would be to enable only inverters working in the Current source to inform of the grid condition to the rest of inverters present in the microgrid, using a secondary high frequency signal for this purpose. Inverters working in the Current source mode would detect islanding by measuring a positive ΔZ hf over a predefined time window. Once islanding is detected, they would inject the secondary high frequency signal v hf2 . On the contrary, if inverters injecting the secondary high frequency voltage detect the change between islanding and grid-mode from the measured ΔZ hf , they would discontinue injecting the secondary high frequency voltage. Injection of the secondary high frequency voltage is schematically shown in Fig. 7d , details on the use of the method can be found in [21, 22] .
This strategy has not been studied in detail, further analysis would be needed to verify its viability and performance.
V.-Experimental results
The proposed islanding detection strategy has been tested using the experimental setup shown in Fig. 9 , the parameters being summarized in Table I . Both inverters are identical, they use IGBTs, all the control (current regulators, synchronization, etc.) being implemented on a TMS320F28335 DSP. Fig. 10 shows the transition between island and grid modes. Fig. 10a and 10c show the commanded and filter output voltages for both inverters, while Fig. 10b and 10d show the corresponding high frequency currents. The magnitude of the high frequency current i hfmax is set to 1 A (1.5% rated current). It is observed from Fig. 10b that during islanding, both inverters operate in the Voltage source mode, with v hfmax = 13 V. During island operation, Inverter #1 changes its mode of operation to the Current source mode, its high frequency current being limited to i hfmax , while Inverter #2 keeps operating in the Voltage source mode. This is due to the line impedance between Inverter #2 and the PCC. 10e and 10f show the magnitude of the corresponding high frequency impedances. It is observed that for this particular case, the change between grid and island modes is readily detected by both inverters. This is due to the fact that the line impedance Z L is small compared to the impact that the change between grid and island operation has on the equivalent impedance Z hf . It is noted however that, for the case of large microgrids, inverters far from the PCC might experience significantly smaller variations of the equivalent impedance, making it less reliable for islanding detection purposes.
VI.-Conclusions
A method to detect islanding in grids with multiple parallelconnected inverters has been presented in this paper. In the proposed method, all the inverters participating in the strategy inject the high frequency signal. The inverters can operate in two different modes of operation: Current injection mode and Voltage injection.
Combined used of modes has two advantages: the adverse impact that the injection of the high frequency signal has on the power quality (THD) is limited, also it provides a mean to evaluate the suitability of a particular inverter to detect islanding, what can be important in large microgrids. An important feature of the proposed method is that transition between Current injection and Voltage injection modes of operation occurs automatically and smoothly, no change in the configuration of the inverters being required. Simulation and experimental results have been presented to demonstrate the viability of the proposed method.
